Electron microscopic evidence indicates that mitral cell dendrites contain synaptic vesicles clustered around active zones (Rall et al
. Dendrodendritic Inhibition in the Rat Olfactory Bulb Slice (A) Schematic of the olfactory bulb slice. ON, olfactory nerve; Glom, glomerular layer; EPL, external plexiform layer; ML, mitral cell layer; GCL, granule cell layer; LOT, lateral olfactory tract. (B) Schematic of the reciprocal synaptic arrangement between the dendrites of mitral and granule cells. (C) Current-clamp recording of dendrodendritic inhibition in a mitral cell. A depolarizing current step (0.3 nA, 100 ms) evokes a train of action potentials followed by a slow afterhyperpolarization (Control). The afterhyperpolarization persists in the presence of TTX and TEA. The response is abolished following the addition of bicuculline (ϩBMI).
simultaneous recordings of dendritic calcium influx and mitral cell ( Figure 1B ). These results demonstrate that dendrodendritic inhibition is preserved in the rat olfacdendrodendritic inhibition. The extent of reciprocal inhibition was closely related to the magnitude of calcium tory bulb slice. We next examined dendrodendritic inhibition in voltinflux in the mitral cell dendrite. Using dual recordings from neighboring mitral cells, we also studied the propaage-clamp recordings from mitral cells. The whole-cell recording pipette contained a CsCl-based internal solugation of dendritic signals between principal cells. We show that dendrodendritic synapses can mediate lateral tion, which sets the reversal potential for GABA A receptor-mediated responses near 0 mV; inhibitory postsyninhibition in a manner that does not require voltagegated sodium channels.
aptic currents (IPSCs) should then be inward currents at negative holding potentials. To evoke dendrodendritic inhibition, we applied a brief (10 ms) depolarizing step Results from Ϫ70 to 0 mV. Under control conditions, this step generated a large action current composed primarily of We first tested for the presence of dendrodendritic feedback inhibition in mitral cells using current-clamp resodium channel-mediated current. The action current was followed by a slow inward current that was apparcordings in slices of the rat olfactory bulb. Depolarizing current steps evoked a train of action potentials in mitral ently generated by the summation of many individual IPSCs ( Figure 2A ). Following the addition of TTX, the fast neurons that was followed by a long-lasting afterhyperpolarization ( Figure 1C ). Following the application of action current was blocked, and when the depolarizing voltage step was lengthened, a large inward calcium tetrodotoxin (TTX, 1 M) to block sodium-dependent action potentials and tetraethylammonium (TEA, 5 mM) current was evoked. In the presence of TTX, the calcium current was followed by a slowly decaying barrage of to block potassium channels, current steps evoked a calcium spike followed by an afterhyperpolarization, simIPSCs that was similar to the response generated under control conditions ( Figure 2A ). These results demonilar to that seen under control conditions. The longlasting afterhyperpolarization appeared to be composed strate that inhibitory synaptic currents in mitral cells can be elicited through purely dendritic interactions. Unless of the summation of individual inhibitory postsynaptic potentials (IPSPs). The subsequent addition of the GABAA otherwise indicated, all following experiments were performed in the presence of TTX. To illustrate the synaptic receptor antagonist bicuculline methiodide (BMI, (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) abolished the afterhyperpolarization, confirming component of evoked responses more clearly, we blanked the calcium current generated during the voltage step. that the response was mediated by GABAA receptors. These results suggest that this feedback inhibition of Under these conditions, the slow evoked responses (peak amplitude ϭ 1.2 Ϯ 0.3 nA) decayed with a time mitral cells was mediated by dendritic interactions since the response persisted in TTX, which blocks all axonal constant of 513 Ϯ 58 ms (n ϭ 8) and were abolished by BMI (n ϭ 6; Figure 2B ). The evoked response also was conduction. The simplest interpretation of these results is that mitral cell dendrites release an excitatory transblocked completely by the inorganic calcium channel antagonist, cadmium (100 M, n ϭ 6; Figure 2C ). These mitter, presumably glutamate, which excites granule cell spines and leads to the release of GABA back onto the results establish that the evoked IPSC is mediated by GABA A receptors and that dendrodendritic inhibition reWhy does dendrodendritic inhibition require both NMDA and non-NMDA glutamate receptors? One possibility we quires voltage-gated calcium channels.
The majority of fast excitatory transmission in the considered was that NMDA receptors were important for generating the response. If the two glutamate receptor brain is mediated by non-NMDA glutamate receptors (Collingridge and Lester, 1989) . NMDA receptors, which types were colocalized on individual granule cell spines, depolarization driven by the non-NMDA receptors would have relatively slow kinetics and are highly permeable to Ca 2ϩ , are generally thought to contribute little to transbe required to relieve the voltage-dependent Mg 2ϩ block of the NMDA receptors. If this werethe case, then dendromission under resting conditions due to their voltagedependent block by extracellular Mg 2ϩ . We next sought dendritic inhibition would be greatly enhanced in Mg 2ϩ -free Ringer's solution. Indeed, we found a dramatic into determine which subtypes of glutamate receptors on granule cell spines trigger the release of GABA. To crease in the magnitude of dendrodendritic inhibition after washout of extracellular Mg 2ϩ (peak amplitude ϭ quantitate dendrodendritic inhibition, we measured the integral of the current response following the voltage step.
2.4 Ϯ 0.6 nA, n ϭ 9; Figure 3B 1 ). The decay time course of dendrodendritic inhibition evoked in Mg 2ϩ -free solution The non-NMDA receptor antagonist DNQX (6,7-dinitroquinoxaline-2,3-dione, 10-20 M) caused a marked re-(551 Ϯ 40 ms, n ϭ 9) was similar to that in control conditions. In Mg 2ϩ -free solution, we found that dendroduction in dendrodendritic inhibition evoked in all mitral cells examined (21.2% Ϯ 6.2% of control, n ϭ 9; Figure dendritic inhibition could be evoked by very brief (1-2 ms) voltage steps to the mitral cell. These responses 3A). Surprisingly, the NMDA receptor antagonist APV (D-2-amino-5-phosphopentanoic acid, 25-50 M) caused were graded with the amount of calcium influx into the mitral cell (n ϭ 6; Figure 3B2 ). a similar marked reduction in the dendrodendritic response (19.6% Ϯ 3.3% of control, n ϭ 7; Figure 3B ).
If dendrodendritic inhibition was generated preferentially by NMDA receptors, then it would be expected The dendrodendritic response was virtually eliminated when both APV and DNQX were coapplied (7.0% Ϯ 3.0% that the requirement for non-NMDA receptors would be greatly reduced in Mg 2ϩ -free solution. Indeed, we found of control, n ϭ 3). These results suggested that both NMDA and non-NMDA receptors are critical for the genthat while APV caused a marked reduction in dendrodendritic inhibition in Mg 2ϩ -free solution (8.7% Ϯ 1.9% eration of GABA release from granule cell spines. of control, n ϭ 13), DNQX was much less effective indicate that excitatory transmission between mitral and (67.5% Ϯ 7.3% of control, n ϭ 9; Figure 3C ). Furthergranule cells is mediated by both NMDA and non-NMDA more, restoring Mg 2ϩ (1.3 mM) to this solution blocked receptors. Furthermore, these findings are consistent dendrodendritic inhibition (4.5% Ϯ 0.7% of control, n ϭ with the involvement of both glutamate receptor sub-6) to an extent similar to APV. The results from experitypes in dendrodendritic inhibition. ments in normal and Mg 2ϩ -free solution are summarized We then asked whether calcium channels in granule in Figure 3D . Taken together, these results demonstrate cell spines were coupled directly to the release of GABA. that NMDA receptors play a dominant role in triggering
To address this question, we recorded from mitral cells the release of GABA from granule cell spines. and depolarized granule cell dendrites using focal appliSince both NMDA and non-NMDA receptors are incation of 90 mM KCl in the presence of TTX ( Figure 4B ). volved in dendrodendritic inhibition, we next studied Local depolarization of the granule cell dendrites was directly the glutamate receptors that mediate excitatory alternated with voltage pulses to a mitral cell to monitor transmission onto granule cell spines. We recorded from dendrodendritic inhibition. Brief (100 ms) applications granule cells in the absence of TTX and used a focal of KCl into the EPL evoked a barrage of IPSCs that stimulating electrode to evoke glutamate release from resembled the response generated by voltage steps to the dendrites of nearby mitral cells ( Figure 4A ). Stimulathe mitral cell ( Figure 4B ). The coapplication of DNQX tion in the external plexiform layer (EPL) evoked excitand APV completely blocked the dendrodendritic inhibiatory postsynaptic currents (EPSCs) in granule cells in tion evoked from voltage steps to the mitral cell; howthe presence of BMI. At Ϫ80 mV, EPSCs decayed with ever, the response to KCl was maintained. The simplest a rapid time course. In all cells examined (n ϭ 5), meminterpretation of these findings is that KCl directly debrane depolarization revealed a slow component to the polarized granule cell spines leading to the release of decay of the evoked EPSC ( Figure 4A ). The slow compo-GABA. The subsequent addition of cadmium (100 M) nent was blocked by APV and the remaining fast component was abolished by DNQX (n ϭ 3). These results abolished this response. Similar results were obtained in two other cells. These findings provide strong evisimilar to those recorded at the soma (87 Ϯ 4 mV). Furthermore, action potentials always initiated first at dence that entry of calcium through voltage-dependent calcium channels in granule cell spines is sufficient to the somatic site, regardless of the site of current injection ( Figure 5A ). These results indicate that action potentrigger GABA release onto mitral cell dendrites.
The release of glutamate from conventional axonic syntials initiated close to the soma of mitral cells and backpropagated through dendrites with little decrement. apses requires strong depolarization to open high threshold calcium channels that control exocytosis (Dunlap et Another requirement for the dendritic release of glutamate is the activation of calcium channels in mitral cell al., 1995). If a similar mechanism governs the release of transmitter in the olfactory bulb, glutamate release may dendrites following action potential invasion. To examine this possibility, we measured the calcium transients depend upon the propagation of large-amplitude action potentials through dendrites to activate local calcium evoked by single action potentials in mitral cells filled with the fluorescent calcium indicator Oregon Green channels. We used several approaches to address the active properties of mitral dendrites. We first made si-(100 M). A photodiode was used to monitor the change in fluorescence (⌬F/F) at several locations in the same multaneous recordings from the soma and dendrites of individual mitral cells to establish the dendritic propagamitral cell following single action potentials ( Figure 5B ). Action potentials triggered calcium transients in the tion of action potentials in these neurons ( Figure 5A ). Dual current-clamp recordings were made from the soma, primary and secondary dendrites, as well as the distal dendritic tuft of mitral cells ( Figure 5B1 ). These soma and at locations up to 250 m away (average distance 155 Ϯ 19 m) on primary dendrites using a K ϩ -results indicate that single action potentials lead to calcium influx in the dendrites of mitral cells that is presumbased internal solution in the absence of TTX. Action potentials were evoked by small depolarizing current ably mediated by calcium channels. To confirm the presence of calcium channels in the dendrites, we examined steps applied at the somatic or dendritic recording site. In all cases (n ϭ 7), the amplitudes of action potentials the effects of nickel and cadmium on the action potential-evoked calcium transients. Low concentrations of recorded at the dendritic location (84 Ϯ 7 mV) were nickel (50 M) had no effect on calcium influx, whereas are able to intercept calcium ions before they trigger transmitter release. It is not known whether similarly cadmium (100 M) completely blocked the response ( Figure 5C ). Similar results were obtained in three mitral tight coupling between voltage-gated calcium channels and vesicle release machinery exists in the presynaptic cell recordings. Since low voltage-activated (T-type) calcium channels are generally sensitive to nickel (Avery dendrites of the olfactory bulb. Mitral cells were recorded with our standard internal and Johnston, 1996), these results suggest that only high threshold calcium channels mediate dendritic calsolution (containing 0.2 mM EGTA) or alternately with ones containing 20 mM BAPTA or 20 mM EGTA. Dendrocium influx following single action potentials.
We next asked whether the calcium channels that dendritic inhibition was measured from the time of patch rupture at the start of whole-cell recording. Under conregulate glutamate release from mitral cell dendrites were near or far from vesicle release sites. To address this trol conditions, the dendrodendritic responses gradually increased in magnitude during the first 3 min of wholequestion, we studied the effects of the calcium chelators 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacecell recording ( Figure 6A 1 ), presumably due to the loading of the mitral cells with both cesium and chloride. tic acid (BAPTA) and ethylene glycol-bis(␤-aminoethyl ether)-N,N,NЈ,NЈ-tetraacetic acid (EGTA) on dendrodenResults were normalized to the steady-state responses of the control mitral cells. In mitral cells recorded with dritic inhibition. In most axonal presynaptic terminals studied previously, only chelators that have very rapid BAPTA, dendrodendritic responses to single voltage steps were virtually absent (4% of control, n ϭ 6; Figures calcium binding kinetics (e.g., BAPTA) can completely suppress neurotransmitter release (Adler et al., 1991) .
6A1 and 6A2). Dendrodendritic transmission could be restored in BAPTA-loaded cells by applying short trains By contrast, chelators with similar affinities for calcium, but relatively slow binding kinetics (e.g., EGTA), have of voltage steps ( Figure 6A 3 ), suggesting that the summation of three to five BAPTA-attenuated calcium tranlittle or no effect on single evoked synaptic responses. These findings have been used to suggest that calcium sients was sufficient to trigger glutamate release. The ability to overcome the blocking actions of BAPTA with channels must be very close to the sites of vesicle exocytosis, since only chelators with very rapid kinetics repetitive stimulation has been described previously at the crayfish neuromuscular junction (Winslow et al., explore further the relationship between dendritic calcium and transmitter release from mitral cells. In these 1994) and giant synaptic terminals of bipolar neurons (von Gersdorff and Matthews, 1994) . In marked contrast experiments, our standard CsCl-based internal solution was supplemented with the low affinity calcium indicator to BAPTA, all mitral cells loaded with a similar concentration of EGTA demonstrated reliable but diminished Oregon Green-5N (100 M). A typical example of dendrodendritic inhibition and the corresponding calcium dendrodendritic inhibition (44% of control, n ϭ 9) in response to single voltage steps. The clear difference transient measured in a mitral cell secondary dendrite are shown in Figure 6B1 . In this case, the current rebetween the ability of BAPTA and EGTA to suppress dendrodendritic inhibition suggests that the calcium sponse during the voltage step has not been blanked, and an inward calcium current during the voltage step channels triggering glutamate release are located in relatively close proximity to the proteins governing exoas well as a larger calcium tail current can be seen. The first derivative of the fluorescence transient ( Figure 6B 1 , cytosis.
We next made simultaneous recordings of dendroinset), corresponding to the time course of calcium influx into the dendrite, activates during the voltage step and dendritic inhibition and mitral dendrite calcium influx to decays rapidly following the end of the step. The rapid 1994; Poncer et al., 1997) . It has also been suggested at several synapses that both channel types can contribtime course of photometrically measured calcium influx indicates that we have good voltage control of the secute to transmitter release from single nerve endings (Castillo et al., 1994; Mintz et al., 1995) . We next examondary dendrites in these recordings. The rapid kinetics of calcium influx and its close correspondence to the ined the involvement of these channels by studying the effects of the -conotoxins GVIA and MVIIC. To confirm time course of the measured calcium current also suggest that calcium-induced calcium release does not that the peptides were reaching the dendritic synapses at effective concentrations, we measured the field EPSP contribute significantly to glutamate release from mitral cell dendrites. We next examined the relationship begenerated by conventional axonic nerve terminals of olfactory nerve (ON) fibers, which synapse on the distal tween calcium influx and dendrodendritic inhibition by varying the amplitude of the voltage step applied to dendritic tufts of mitral cells in the glomerular layer. An extracellular stimulating electrode was placed within the mitral cell. Both calcium influx and dendrodendritic inhibition began to activate at Ϫ30 mV and were maximal bundles of the olfactory nerve, and an extracellular recording electrode was placed within a single glomerulus at 0 mV, confirming the importance of high voltageactivated calcium channels in the release of glutamate ( Figure 7B ; Aroniodou-Anderjaska et al. , 1997) . Stimulation of the ON inputs evoked a field EPSP that was ( Figure 6B2 ; n ϭ 7 cells). When both dendrodendritic inhibition and calcium influx were normalized, we found blocked by a combination of DNQX and APV ( Figure  7B ). We monitored dendrodendritic inhibition and the that the activation of dendrodendritic inhibition paralleled closely the amount of calcium influx in mitral cell field EPSP in slices superfused with Mg 2ϩ -free solution in the absence of TTX. In these experiments, QX-314 (5 secondary dendrites.
What underlies the slow time course of dendrodenmM) was included in the mitral cell internal solution to remove the possibility that axon collaterals of mitral cells dritic inhibition? We examined the relationship between the time course of dendrodendritic inhibition and calmight contribute to the voltage step response. Application of -conotoxin GVIA (1 M) caused a marked reduccium clearance from the mitral dendrites. We considered the possibility that the time course of dendrodendritic tion in the ON field EPSP (44% Ϯ 7% of control, n ϭ 6). In the same slices, dendrodendritic inhibition was inhibition followed calcium dynamics in mitral dendrites. However, the decay time constant of the calcium signal reduced to a lesser extent (67% Ϯ 5% of control). Increasing the concentration of -conotoxin GVIA to 3 M was 4.0 Ϯ 0.4-fold faster than the decay of dendrodendritic inhibition (n ϭ 3). These results imply that the did not cause a further reduction in either the ON field EPSP nor dendrodendritic inhibition (n ϭ 2). We next clearance of calcium from mitral dendrites is not the ratelimiting step governing the time course of dendrodenexamined the actions of -conotoxin MVIIC (5 M), which at high concentrations blocks P/Q-as well as dritic inhibition. However, the decay kinetics of dendrodendritic inhibition were temperature dependent (Q 10 ϭ N-type channels. Addition of -conotoxin MVIIC abolished the ON field EPSP (4% Ϯ 2% of control, n ϭ 2.3 Ϯ 0.7, n ϭ 3), suggesting that active processes shape the time course of these responses. This temperature 6) and caused a dramatic reduction in dendrodendritic inhibition (27% Ϯ 6% of control). Taken together, these dependence also rules out the possibility that diffusion of glutamate underlies the time course of dendrodenresults suggest that dendrodendritic inhibition depends on the P/Q class of calcium channels with a smaller dritic inhibition.
Immunolocalization and electrophysiological studies role played by N-type channels. Both N-and P/Q-type channels govern transmission at the excitatory synindicate that a variety of calcium channel subtypes are present on the dendrites of central neurons (Westenapses formed by olfactory nerve fibers in the glomerular layer. broek , 1992 Magee and Johnston, 1995) . What are the relevant calcium channels underlying denThe secondary dendrites of mitral cells can extend across large regions of the olfactory bulb. The influence drodendritic inhibition? We explored this question by examining the action of several pharmacological blockof a single mitral cell can be extended further, since single granule cells contact multiple mitral cells. This ers that discriminate between the various classes of identified calcium channels. The dihydropyridine nifedianatomical arrangement has been suggested to form the basis for lateral inhibition within the olfactory bulb, pine (10-20 M) had no effect on dendrodendritic inhibition (103% Ϯ 8% of control, n ϭ 5; Figure 7A ). This rules which is thought to represent an important mechanism for odor discrimination (Yokoi et al., 1995; Brennan and out the involvement of L-type calcium channels at either the mitral cell dendrite or granule spine release sites. Keverne, 1997) . We sought to determine whether dendrodendritic interactions could mediate lateral inhibition Although nickel is nonspecific at high concentrations, at low concentrations nickel blocks T-and R-type chanin the absence of sodium-dependent action potentials. One simple test for lateral inhibition is to record simultanels (Avery and Johnston, 1996; Randall and Tsien, 1997) . At a concentration of 50 M, nickel caused only neously from two mitral cells and to determine if dendritic glutamate release, evoked from one mitral cell by a slight reduction in dendrodendritic inhibition (84% Ϯ 8% of control, n ϭ 6; Figure 7A ). Apparently, neither the a voltage step, can elicit GABA release onto a second, unstimulated mitral cell. An example of this form of lat-T nor the R classes of channels play an important role in dendrodendritic transmission.
eral inhibition in the presence of TTX is shown in Figure  8 . A depolarizing voltage step to the first mitral cell At conventional axonic synapses in several brain regions, glutamate and GABA release are thought to rely (Cell 1) caused dendrodendritic self-inhibition and also evoked an IPSC in a nearby mitral cell (Cell 2). The IPSCs on N-or P/Q-type calcium channels (Takahashi and Momiyama, 1993; Castillo et al., 1994; Wheeler et al., in both mitral cells were time-locked to the depolarizing voltage step applied to Cell 1. The addition of APV by solely dendritic interactions between mitral and granule cells in the olfactory bulb. blocked the self-inhibition of mitral Cell 1 and also abolished the lateral inhibition recorded in mitral Cell 2. Partial recovery of both responses followed washout of Discussion APV. The IPSCs mediating lateral inhibition reversed polarity at 0 mV and were blocked by BMI, indicating that
In this study, we have explored the mechanisms governthey were GABA A receptor mediated (data not shown).
ing dendrodendritic inhibition in slices of the rat olfacLateral inhibition has been found in ‫%01ف‬ of the mitral tory bulb. We found that NMDA receptors on granule cell pairs examined (n ϭ 40 pairs). These results demoncell spines play an important role in the generation of strate that glutamate release from mitral cell dendrites dendrodendritic inhibition. Back-propagating action poelicits GABAergic self-inhibition as well as lateral inhibitentials activate high threshold calcium channels that tion. In the absence of sodium-dependent action potenare tightly coupled to glutamate release sites in mitral cell dendrites. Our results also indicate that both N-and tials, we conclude that lateral inhibition can be mediated P/Q-type calcium channels mediate dendritic transmisBoth NMDA and non-NMDA receptors have been suggested to contribute to feedback inhibition in salamansion. We have also found that dendrodendritic transmission, independent of voltage-gated sodium channels, der mitral cells (Wellis and Kauer, 1993) . The simplest interpretation of our results is that non-NMDA receptors underlies lateral inhibition between mitral cells. These findings are summarized in Figure 9 .
on granule cell spines provide the depolarization necessary to relieve the voltage-dependent Mg 2ϩ block of NMDA receptors under physiological conditions. The very
Role of NMDA Receptors in Dendrodendritic Inhibition
Previous studies of dendrodendritic inhibition in the turlarge enhancement of dendrodendritic inhibition we find when this block is reduced (in low Mg 2ϩ Ringer's) sugtle (Jahr and Nicoll, 1982b) and salamander (Wellis and Kauer, 1993 ) olfactory bulb demonstrated a role for glugests that NMDA receptors can preferentially activate this synaptic circuit. tamatergic transmission in triggering GABA release from granule cells. However, the identity of the excitatory
The high calcium permeability of NMDA receptors raises the intriguing possibility that calcium influx through these receptors mediating this dendrodendritic response in the mammalian olfactory bulb remained unclear. In this receptors, rather than through voltage-activated calcium channels, initiates GABA release. We feel that this study, we show that in low extracellular Mg 2ϩ , dendrodendritic inhibition is mediated largely by glutamate actis unlikely since electron microscopic analysis (Price and Powell, 1970b) suggests that GABA release sites ing on NMDA receptors present on granule cells, with little involvement of non-NMDA receptors. In the prescan be distant ‫1ف(‬ m) from the postsynaptic densities in which the NMDA receptors are presumably concenence of physiological levels of Mg 2ϩ , however, we observed dramatic reductions in dendrodendritic inhibition trated. Synaptic transmitter release is generally considered to require very high local concentrations of calcium. when either glutamate receptor subtype was blocked. Such calcium "microdomains" typically are generated the convergence of dendrites from multiple mitral cells onto single granule spines (see Price and Powell, 1970a , by high threshold calcium channels in close proximity to transmitter release sites (Simon and Llinas, 1985; 1970b) . It is unlikely that diffusion of calcium between spines is this signal, since spine necks appear to repre- Adler et al., 1991; Dunlap et al., 1995; Mintz et al., 1995) . The influx of calcium through distant NMDA receptors sent a significant barrier to calcium diffusion (Svoboda et al., 1996) . As with NMDA-mediated self-inhibition and would be unlikely to provide the calcium concentrations required at the sites of GABA exocytosis. If GABA rein accord with previous theoretical studies (Rall and Shepherd, 1968; Woolf et al., 1991) , we believe that lease is mediated instead by voltage-sensitive calcium channels ( Figure 9A ), either glutamate receptor subtype the signal mediating lateral inhibition is the spread of depolarization through granule cell dendrites. would be likely to depolarize the spine to threshold for calcium channel activation. Consistent with this hypothesis, while we find that NMDA receptors preferentially Calcium Channels Governing activate dendrodendritic responses, there is no absolute Dendritic Transmission requirement for these receptors. Even in the presence Much attention has been focused on the relationship of high concentrations of APV (100 M), voltage steps between calcium and transmitter release from convenstill can evoke reciprocal dendrodendritic inhibition, tional axonic nerve terminals. However, little is known which is blocked completely by DNQX (data not shown).
about mechanisms governing transmitter release from Also as predicted by this model, we demonstrated (using presynaptic dendrites. Dendrites of central neurons exfocal depolarization) that voltage-gated calcium chanpress a variety of calcium channels, including T-, L-, N-, nels are coupled directly to GABA release in granule cell and P/Q-type (Westenbroek et al., , 1992 Johnston spines. et al., 1996) , any of which may underlie transmitter reWe have found that both NMDA and non-NMDA release. The release of peptides from dendrites in the ceptors mediate excitatory transmission from mitral to hippocampus has been suggested to rely on L-type calgranule cells. This result is consistent with previous cium channels (Simmons et al., 1995) . We find no evistudies of EPSCs in salamander (Wellis and Kauer, 1994) dence for the involvement of either T-or L-type channels and cultured rat olfactory bulb cells (Trombley and Westin triggering glutamate or GABA release from dendrites brook, 1990). It is likely that both glutamate receptor in the olfactory bulb. Instead, similar to findings at consubtypes are colocalized on granule cell spines, since ventional axonic synapses (Castillo et al., 1994 ; Dunlap we never observed evoked synaptic currents in granule et al., 1995; Mintz et al., 1995; Poncer et al., 1997) , we cells mediated solely by NMDA receptors. Why, then, find that N-and P/Q-type calcium channels govern the are NMDA receptors more effective at evoking GABA dendritic release of fast neurotransmitters in the olfacrelease than non-NMDA receptors? A major distinction tory bulb. Since dendrodendritic inhibition involves rebetween these two glutamate receptor types is the ciprocal synaptic transmission between mitral and granintrinsically slow kinetics of NMDA receptors (Lester et ule cells, we cannot easily assign N and P/Q channels al., 1990). Modeling studies (Woolf et al., 1991; Koch and to specific synaptic locations. However, we have some Zador, 1993) suggest that the faster, transient current evidence that these channels may be present at the through non-NMDA glutamate receptors will be greatly mitral cell synapse, since calcium currents measured in attenuated by the high impedance of spine necks. By our somatic recordings were reduced consistently by contrast, the prolonged time course of the NMDA current -conotoxins (data not shown). Additional experiments is more likely to activate voltage-gated calcium channels will be required to determine definitively the specific governing GABA release in neighboring spines along synaptic location of the calcium channels that underlie the granule cell dendrite. In this way, NMDA receptors dendrodendritic inhibition. would be better suited than non-NMDA receptors to An attractive feature of this olfactory circuit is the depolarize populations of granule spines to threshold for ability to measure and manipulate calcium dynamics in GABA release. This model implies that dendrodendritic a large presynaptic structure, the mitral cell dendrite. transmission mediated solely by current through nonDendrodendritic inhibition recorded in a mitral cell can NMDA receptors would activate a relatively limited numthen be used as a detector of glutamate release from ber of granule cell spines, whereas the current through presynaptic mitral cell dendrites. Using this approach, NMDA receptors would recruit a much larger population the complete blockade of dendrodendritic inhibition in of spines. In agreement with this model, we find that BAPTA-loaded mitral cells confirms the central role of dendrodendritic responses evoked after blockade of calcium in dendritic transmitter release. The greater sen-NMDA receptors are greatly reduced in amplitude but sitivity of dendrodendritic inhibition to BAPTA versus still follow a time course similar to that seen under con-EGTA suggests that, as with axonic terminals, the sites trol conditions. of calcium entry must be close to the exocytotic machinDendrodendritic interactions are clearly not limited to ery in mitral cell dendrites (Adler et al., 1991) . The partial the self-inhibition of mitral cells. We find strong evidence reduction of dendrodendritic responses in EGTA-loaded that dendritic synapses onto granule cells mediate latmitral cells may reflect some contribution of calcium eral inhibition between mitral cells. Depolarization of a channels that are relatively distant from glutamate resingle mitral cell can lead to synchronous inhibition in lease sites (Borst and Sakmann, 1996; Salin et al., 1996) . that mitral cell as well as in neighboring mitral cells.
Alternatively, the slow buffering kinetics of EGTA may Lateral interactions among mitral cells are likely medisuffice when used at very high concentrations. ated by the spread of a signal between granule spines ( Figure 9B ), since there is no anatomical evidence for
We have also used simultaneous measurements of Chen et al., 1997) . In neocortical pyramidal neurons, inhibition, since longer duration steps elicited significantly larger calcium accumulation can be linearly related to action fluorescent transients (data not shown).
potential frequency (Helmchen et al., 1996) . The parallel we have not yet explored is that GABA release from granule cells is prolonged due to the intrinsic properties
